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This work is dedicated to my father, David Lee Richardson, who 
passed away December 13, 1988. He was my inspiration throughout my 
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say all the things my father meant to me. His loss has left a void in 
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I examined how wave action and predators affect the feeding of the 
intertidal snail, Stramonita haemastoma. In laboratory wave simulators, 
the numbers of oysters eaten and tissue mass consumed were reduced 
compared to controls, but prey size selection was not affected.
Handling times and profits (g dry tissue/handling time) of snails 
feeding on oysters did not differ between snails in wave simulators and 
controls. Over both treatments, small oysters reduced snail handling 
times but provided profits similar to that of large oysters. In 
contrast, field experiments showed that wave exposure was correlated 
with an increase in the number of oysters eaten, but not total tissue 
consumption. Electivity indices suggest that snails at exposed sites 
chose smaller prey. Thus, under laboratory conditions with continuous 
wave disturbance, feeding rates were reduced, but under field conditions 
snails maintained tissue consumption rates at exposed sites similar to 
that at protected sites and possibly lowered risk of dislodgement by 
switching to smaller prey with shorter handling times.
The effect of predator presence on S. haemastoma foraging was 
examined using the Gulf stone crab, Menippe adina as a predator. In 
small-scale laboratory experiments, snail feeding rates were reduced by 
stone crab chemical or acoustical signals. However, small and large 
snail feeding rates were not differentially affected by stone crabs, 
even though small snails were more susceptible to predation. In 
laboratory experiments with free-ranging predatory crabs, snail feeding 
and growth were reduced because snails spent more time in refuges. 
Neither small nor large snails altered their feeding rates when exposed
to crabs, but small snails spent more time in refuges. Small 
individuals may thus devote more time to feeding when exposed to crabs, 
perhaps to more rapidly reach a size refuge from predation. However, 
feeding by snails was reduced in field experiments only where crabs had 
direct access to snails. There was no measurable effect of chemical or 
auditory cues. Thus, reduced feeding in the field may occur only when 
predator abundances are high enough to cause frequent direct contact 
between predator and prey.
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Introduction
Predation is a major factor structuring rocky intertidal 
communities (e.g. Paine 1966, Connell 1970, Menge 1976). Elucidation 
of the way biotic and abiotic factors influence foraging of important 
predators, like carnivorous gastropods, may help explain variation in 
prey distribution. For example, wave exposure greatly affects prey 
distribution by mediating predator feeding rates or activity patterns 
(Menge 1978a, b, 1983). Intraspecific differences in foraging behavior 
between exposed and protected populations of intertidal predators, 
however, have received little attention. Similarly, few studies have 
focused on how biotic factors, such as predator avoidance behaviors, 
alter foraging of primary predators, even though such behaviors may 
affect sessile prey distributions (Power 1987 and included references). 
Clearly, more work is needed to determine the effect of wave exposure 
and predator avoidance behavior on snail foraging.
Exposure to waves and the concomitant risk of dislodgement may 
restrict snail movement and foraging time (Menge 1978a, Brown and Quinn 
1988) and has been implicated as a cause of selection by snails for 
smaller, less optimal prey (J. L. Menge 1974, Hughes and Dunkin 1984, 
Palmer 1984). By choosing smaller prey requiring shorter handling 
times, thereby decreasing the time exposed to waves, snails may balance 
the trade-off between foraging profit (tissue consumed/handling time) 
and dislodgement risk.
Likewise, predatory snails may face a trade-off between foraging 
and predator avoidance (Sih 1987 and included references). 
Unfortunately, few studies in either the field or laboratory have
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focused on the effect of avoiding secondary carnivores on snail foraging 
behavior (Appleton and Palmer 1988). Predator avoidance behaviors 
decrease mortality, but may also decrease fitness by limiting the time 
and energy available for foraging, growth and reproduction (Sih 1987). 
Decreased feeding and growth as a result of antipredator behaviors have 
been demonstrated in a number of aquatic organisms (e.g., Stein and 
Magnuson 1976, Sih 1982, Werner et al. 1983, Fraser and Gilliam 1987, 
Dixon and Baker 1988). Both field and laboratory studies of 
antipredator behaviors and foraging would be beneficial to better 
understand predator-prey interactions (Caro 1989).
In this study, I use the predatory snail, Stramonita haemastoma 
(Kool 1987) to investigate the effects of wave exposure and secondary 
predators on the foraging behavior of a primary carnivore. Stramonita 
is generally considered a predator of oysters (Crassostrea virginica), 
but mussels (Ischadium recurvum) appear to be the preferred prey (Gunter 
1979, Brown and Richardson 1987). Foraging in Stramonita can be 
affected by various environmental parameters. For example, Garton and 
Stickle (1980) found that Stramonita feeding rates were sensitive to 
variable temperature and salinity and that fluctuating temperature and 
salinity decreased feeding. Furthermore, Garton (1986) found that among 
small snails, scope for growth was higher when fed small prey (1-2 cm 
shell length oyster spat) than when fed larger juvenile oysters (4-5 
cm). This difference, however, disappeared for large snails.
Stramonita also appears to select prey in an optimal fashion, but snail 
size and density may set important constraints on prey choice (Brown and 
Richardson 1987).
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I became interested in expanding on this theme of factors 
constraining Stramonita foraging and examined the potential effects of 
waves and predators on snail feeding, in both the laboratory and field. 
Stramonita was chosen for the current study because protocol to examine 
their foraging in the laboratory had already been established and the 
snails and their prey were readily available at the Port Fourchon LUMCON 
laboratory (Brown and Richardson 1987).
In Chapter One, experiments were designed to test whether exposure 
to waves: (1) affected snail feeding (numbers of oysters eaten) or 
ingestion (g tissue consumed) rates, and (2) altered prey size 
selection. This chapter will appear with Terry D. Richardson and 
Kenneth M. Brown as authors and has been submitted to the Journal of 
Experimental Marine Biology and Ecology. It is currently av/aiting 
revision.
Chapter Two deals with the effects of predator avoidance on 
feeding. Experiments tested whether a snail predator, the Gulf stone 
crab, Menippe adina (Williams and Felder 1986): (1) affected feeding 
rates of small or large snails, indirectly (chemical or auditory cues) 
or directly (tactile stimuli) in the laboratory, (2) affected snail 
growth in the laboratory, and (3) affected snail feeding in the field. 
Again, this work will appear with Terry D. Richardson and Kenneth M. 
Brown as authors. Our intention is to submit this chapter to Ecology.
ix
Chapter One
Wave Exposure and Prey Size Selection 
in an Intertidal Predator
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Abstract
I studied effects of wave action on feeding rates and prey size 
selection of the intertidal snail, Stramonita (^Thais') haemastoma 
(Linne). In laboratory wave simulators, the numbers of oysters eaten and 
tissue mass consumed were reduced in comparison to control treatments, 
but prey size selection was not affected. Handling times for and 
profits (g dry tissue/handling time) of snails feeding on oysters did 
not differ between snails in wave simulator and control treatments.
Over both treatments, snails consumed smaller oysters faster (i.e., 
shorter handling times), but received profits similar to that of large 
oysters. In contrast, field inclusion experiments at two exposed and 
two protected sites showed that wave exposure was positively correlated 
with the number of oysters eaten, but not with total tissue consumption. 
Electivity indices suggested that snails at exposed sites chose smaller 
prey. Thus, under laboratory conditions with continuous wave 
disturbance, feeding rates were reduced, but under more variable field 
conditions, tissue consumption rates at exposed sites were similar to 
those at protected sites. By eating small oysters with shorter handling 
times, snails may possibly lower risk of dislodgement. There was also 
significant variation among sites within exposure categories in both 
number of oyster prey eaten and the amount of tissue consumed. Although 
oysters and barnacles (potential prey) were more abundant at an exposed 
site, snails were significantly smaller than at a protected site. Field 
results suggest that neither decreased energy intake nor fewer available 
prey account for smaller predator size at the exposed site. Future 
studies of intertidal predator-prey systems should take into account
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changes in predator foraging behavior caused by wave action and the role 
of prey size versus profit relationships in prey selection.
Introduction
Understanding changes in foraging behavior along gradients of 
environmental factors is important because it helps to explain variation 
in how predators affect prey distributions. For example, gradients in 
wave activity in the rocky intertidal are known to affect predation 
intensity (e.g., Connell 1961, Paine 1966, 1974, Dayton 1971, Menge 
1976, Menge and Sutherland 1976, 1987, Roughgarden et al. 1988). With 
the exceptions of studies of tissue consumption rates (Menge 1978b,
1983) and activity patterns (Menge 1978a, Moran 1985, Fairweather 1988a, 
b, Burrows and Hughes 1989), intraspecific contrasts of foraging 
behavior between exposed and protected populations of intertidal 
predators, however, have received little attention. Most studies have 
instead examined behaviors like prey size selection in the laboratory or 
solely in exposed or protected populations (e.g., J. L. Menge 1974, 
Hughes and Dunkin 1984, Palmer 1984).
Studies of intertidal gastropods suggest that increased mortality 
risk from wave action can be a primary determinant of foraging behavior. 
For example, the risk of dislodgement from waves may restrict predator 
movement and limit foraging time (J. L. Menge 1974, Menge 1978a, b,
Denny et al. 1985, Brown and Quinn 1988). A predator's increased risk 
of dislodgement has also been used to explain selection of smaller, less 
optimal prey (J. L. Menge 1974, Palmer 1984, Hughes and Dunkin 1984, 
Hughes and Drewett 1985). By choosing smaller prey which have briefer 
handling times, and thereby decreasing the time exposed to waves, snails 
may be balancing foraging profit (tissue consumed/handling time) and 
mortality risk (Sih 1980). The manner in which snails deal with the
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trade-off between foraging and risk of dislodgement may explain 
variability in how intertidal snails affect prey populations.
A trade-off between foraging and risk of dislodgement may also 
explain the trend towards smaller predator size at exposed sites (e.g., 
Menge 1978a, Brown and Richardson 1987, Brown and Quinn 1988). For 
example, reduced ingestion rate (due to limited foraging time) may 
explain smaller snail size at exposed sites (Menge 1978a, Brown and 
Richardson 1987, Brown and Quinn 1988). Indeed, if snails also select 
smaller prey at exposed sites and profit increases with prey size (e.g., 
J. L. Menge 1974, Hughes and Dunkin 1984), growth would be further 
reduced. Alternatively, variation in predator size among sites has also 
been attributed to genetic differences (Berry and Crothers 1968, Menge 
1978b) and size-specific mortality (Denny et al. 1985).
In this study, I examine how tissue ingestion rates, feeding rates 
(numbers of prey eaten/time), and prey size selection differ between 
wave exposed and protected conditions using the rock snail, Stramonita 
(-Thais) haemastoma (after Kool 1987), in the northern Gulf of Mexico.
I present data on how the size and abundance of snails and prey vary 
between sites differing in wave exposure. I also investigate whether 
wave action alters foraging behavior in the laboratory under controlled 
conditions and in the field where other factors such as salinity or 
temperature (Stickle 1985) may also be important in an effort to explain 
the causes of observed patterns.
Methods
Description of research area and species 
The northern Gulf of Mexico is a relatively protected shoreline in 
comparison to either the eastern or western coasts of the United States. 
However, considerable differences in wave action exists among exposed 
and sheltered sites, especially during storms (Whitton et al. 1950, T. 
Richardson personal observation). Most hard substrata are man-made, < 
80-100 yrs old, and have relatively simple littoral zone communities 
(Britton and Morton 1989). Algae are limited to epiphytic microscopic 
forms, seasonal occurrences of a short filamentous species of 
Enteromorpha. and scattered sea lettuce (Ulva fasciata). Various red 
algae appear in the lower intertidal and subtidal (Kapraun 1974, Lowe 
and Cox 1978), but none have thalli sufficient to produce a canopy. The 
intertidal fouling community along these shores consists predominantly 
of oysters and three species of barnacles. Hydrozoans, ascidians, and 
bryozoans make up a relatively small portion of the fouling community. 
Because of the small tidal range (< 0.7 m, Britton and Morton 1989), 
organisms on exposed hard substrata in the Gulf of Mexico receive wave 
splash almost continuously.
The rock shell, S. haemastoma (hereafter referred to as Stramonita 
or rock shell), is an important intertidal and subtidal predator of 
oysters, (Crassostrea virginica Gmelin and Ostrea eauestris Say), 
barnacles (Balanus eburneus Gould, B. amohitrite Darwin, and Chthamalus 
fragilis Darwin), and the mussel, Ischadium recurvum (Rafinesque) (Brown 
and Richardson 1987, Melancon et al. 1987) along the Gulf coast. 
Stramonita* s preferred prey is mussels, but usually consumes oysters and
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barnacles because they are more available (Brown and Richardson 1987). 
Rock shells are found along the western Atlantic coast to North 
Carolina, over most of the northern and eastern Gulf coast and as far 
south as Brazil (Abbott 1974), Stramonita is restricted to hard 
substrata such as bulkheads, pilings, rock jetties or barriers, and 
oyster reefs (Britton and Morton 1989, T. Richardson, personal 
observation). Stramonita is a euryhaline thaidid snail (Stickle 1985), 
and is found in areas with salinity up to 42°/oo S or down to 15°/oo S 
(Gunter 1979, Liu 1990). Rock snails from exposed sites are, on 
average, smaller than conspecifics from protected areas (Brown and 
Richardson 1987).
Stramonita densities may vary seasonally (Fig. 1) and averaged 
10.3/m^ (±2.9 S.E.) at a protected site (Canal) and 8.6/m^ (±2.5) at 
Belle Pass, an exposed site, during 1986-87 (see below in Methods). 
Densities at both sites declined in the winter months when snails 
evidently moved deep into crevices or off hard substrata and burrowed 
into the surrounding mud. Densities were similar on all dates between 
sites except for April and June 1987 (Fig. 1), suggesting that snails 
return to shallow water earlier in the spring at the protected site. In 
general, Stramonita is more abundant in the mid to late summer months.
Laboratory experiments
The effects of wave action on feeding rates (number of oysters 
eaten/time), ingestion rates (g dry tissue/time) and size selection were 
examined under controlled laboratory conditions (temperature - 27°C, 
salinity - 25°/oo S artificial seawater, 12L:12D). Handling times of
snails feeding on oysters were also estimated under exposure to waves 
and quiescent (control) conditions.
Wave simulators were constructed of 38 L aquaria, 3.8 L pails, and 
0.25 h.p. (186.4 Joules/sec) submersible pumps (Fig. 2). The pail 
filled with water from the submersible pump until it tipped, splashing 
water directly on the animals below. Weights on the bottom of the pail 
righted it to immediately refill for the next "wave". The aquarium was 
elevated 5.0 cm (opposite the pump) to ensure the pump was continually 
submerged. A 7.0 mm mesh partition, 20 cm from the elevated end of the 
aquarium, kept the snails and oysters away from the pump and under the 
full force of the falling water at all times. The periodicity of the 
waves was 4-6 seconds which was similar to wave periods observed in the 
field (4-10 seconds).
For each experiment, three wave simulator aquaria and three 
control aquaria were each filled with approximately 12 L seawater. 
Control aquaria were of the same design as aquaria subjected to waves 
and were equipped with submersible heaters to raise water temperature to 
equal that generated by the submersible pumps in the wave aquaria 
(27°C).
Six oysters (C. virginica). three < 50 g total wet mass (mean mass 
offered over all experiments - 25.7 g +2.0 S.E.) and three > 50 g (mean 
mass offered over all experiments — 76.6 g ±3.1), were attached with 
silicone adhesive to the floor of each aquarium (the adhesive had no 
apparent adverse effect on snails or oysters). Three snails, (one each 
of 40-49, 50-59, and 60-69 mm shell length), were placed among the 
oysters in each aquarium. The experiment was repeated three times
during the summer of 1988. The repeated trials were treated as blocks. 
The experimental design was therefore a replicated randomized block 
design (three blocks and two wave treatments) with an additional 
splitplot treatment variable (two prey sizes in each experimental unit) 
and was analyzed using SAS procedure GLM (SAS 1985). Snails were 
exposed to continuous wave splash for two days, after which both 
ingestion and feeding rates were estimated per aquarium. Mass of dry 
tissue was estimated from a separate regression of total mass (live 
towel-dried oyster, including shell) against tissue dry mass (R^*=0.84, 
p<0.0001, N=50).
Handling time and profit were estimated for each oyster eaten as 
in Brown and Richardson (1987), Briefly, direct observations were made 
every four h except between 2200 h and 0600 h. Handling time was 
approximated as the total time at least one snail was observed on the 
oyster, plus half of the time interval preceding and following those 
observations and thus included both drilling and ingestion periods. 
Per-capita profits were determined by dividing the g dry tissue consumed 
from an oyster by handling time and then dividing by the average number 
of snails observed feeding on the prey. All oyster mortality not due to 
snail feeding was omitted.
To measure differences in wave action among the six aquaria, 
plaster of Paris casts (ranging from 50-70 g dry mass) were made using 
30 mm aluminum weighing dishes as molds. The casts were allowed to dry 
for at least 48 h at approximately 22°C and weighed to the nearest mg 
just prior to an experiment. After an experiment, the cakes were 
similarly dried, reweighed, and percent mass loss determined. All
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plaster casts were made at one time from the same batch of plaster 
slurry in an effort to keep casts similar.
Field experiment
The field experiment tested the effects of wave exposure on snail 
feeding and ingestion rates as well as prey size selection. Four sites 
near the Louisiana Universities Marine Consortium (LUMCON) laboratory at 
Port Fourchon, Louisiana (29°10'N;90°05'W) were used. A tidal creek at 
the laboratory (Lab site) and another near a rock dam crossing a marsh 
canal (Canal site) were considered protected because they were 1-2 km 
inland. Two other sites were on exposed jetties, receiving waves either 
from the open Gulf (Caminada Pass) or from both the Gulf and crew ship 
traffic (Belle Pass) from numerous offshore oil rigs (these ships often 
generated 1.0 to 1.5 m breaking waves).
In order to measure feeding and ingestion rates in the field, 
snails were inclosed in cages made with plastic trays (Allibert 
Products, Montreal, Quebec, 61 cm length x 52 cm width x 10 cm depth) 
lined and covered with 4.5 mm plastic mesh. Cages were attached with 
wire to metal posts, rested on sand or mud substrata approximately 30 cm 
below mean sea level (MSL) and were always covered with at least two cm 
of water. Preliminary experiments contrasting cages with 4.5 and 17.5 
mm plastic mesh indicated no significant difference in feeding or 
ingestion rates (tTtest, p>0.05), and I therefore used cages with the 
smaller mesh in all later experiments to exclude small, naturally 
occurring snails.
Eight snails > 30 mm shell length were randomly assigned to each
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of eight cages. These densities were within the range found naturally 
(Fig. 1). For each treatment, four snails were taken from the exposed 
Belle Pass site and the other four from the protected Lab site so that 
any source-specific differences in feeding would be minimized (Menge 
1978b). Two cages were randomly assigned to each site, with each cage 
containing six small (< 50 g initial total wet mass, mean mass offered 
over all experiments - 21.7 g±0.6 S.E.) and six large (> 50 g initial 
wet mass, mean mass offered over all experiments = 81.2 g ±1.4), 
randomly arranged, weighed oysters (C. virginica) as prey. Oysters were 
attached to trays with silicone adhesive so they would not be moved by 
waves. Feeding and ingestion rates were estimated as consumption per 
two day experiment per cage (two days were sufficient for approximately 
50% of an oyster size class to be eaten). Dry tissue mass was estimated 
from the same regression used in the laboratory experiments.
During preliminary experiments, cages without snails at Belle 
Pass and Canal site had 100% survival of oysters. Also, dead oysters in 
experimental cages had all been consumed by snails (0% tissue 
remaining). I therefore considered all mortality during the experiments 
as due to predation.
The experiment was conducted in June, July, and August, 1988, when 
snails were most abundant (Fig. 1). Weather in the research area was 
variable during this season (Fig. 3). Winds ranged up to 30 km/h, 
aerial temperature varied between 24-30°C, and there were intermittent 
periods of 100% cloud cover spanning several days. The design was 
repeated five times and, because weather could have affected snail 
feeding (Menge 1978b, Burrows and Hughes 1989), repeated trials were
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treated as blocks (Menge 1978a). The experimental design, therefore, 
consisted of five blocks, two wave treatments, two nested sites within 
treatments, two replicate cages (experimental units) at each site, and 
two prey sizes within each cage (splitplot variable). The null 
hypotheses tested using this design were (1) no difference in feeding or 
ingestion rates between exposed and protected sites, (2) no differences 
between sites within an exposure category, (3) no difference in 
ingestion or feeding rates on small or large oysters, and (4) no size- 
by-treatment interactions between exposed and protected sites. Data 
were analyzed using SAS procedure GLM (SAS 1985).
Relative differences in wave action among the four sites were 
measured for each block. Plaster of Paris casts were made using 148 ml 
disposable cup molds, with steel eye-bolts suspended in each cup. Dried 
(at least 72 h at 22°C) plaster casts ranged from 160-220 g. One 
weighed cast was suspended in each cage (except in the August experiment 
where only one cast per site was used). Percent of mass lost was again 
used as an exposure index.
Field estimates of predator and prey abundance
To determine whether differences in wave exposure were correlated 
with predator size or density differences, densities (Fig. 1) and size- 
frequency distributions of Stramonita were estimated at approximately 
monthly intervals between November 1986 and September 1987 at the Canal 
and Belle Pass sites. I made fifty haphazard tosses of a 20 cm x 20 cm 
quadrat, and counted and measured (+0.1 mm shell length) all snails in 
the quadrat. All tosses were made within 0.7 m of MSL. On March 7,
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1987, I estimated prey abundances and size distributions at the Belle 
Pass and Canal sites by again indiscriminately throwing out 20 x 20 cm 
quadrats (±0.7 m MSL). A Nikonos camera was used to take a 35 mm slide 
of each quadrat. The slides were later projected on a screen with the
O400 cm area marked off in a grid of 2 x 2 cm squares. At Belle Pass, 
both oysters and barnacles were smaller and more dense (see Results). I 
therefore counted and measured all oysters and barnacles in ten randomly
Oselected 4 cm* sub-plots. At Canal site, larger and less dense prey 
(see Results) allowed all prey per 400 cm^ quadrat (N - 10) to be 
counted and measured. T-tests were used to compare sites.
Analysis of size selection 
Size selection of prey (summed either over all field or all 
laboratory experiments) was analyzed using an electivity index (e^) 
based on (Chesson 1983) where i - oyster size class. The parameter 
varies between -1.0 and 1.0, where -1.0 is 100% avoidance, 0 is 
random, and 1.0 is 100% preference. The distributions of size 
frequencies of prey offered and selected were also compared using a G- 
test. Site differences were compared using a G-test of independence.
Results 
Laboratory experiments 
Snails ate 50% fewer oysters in wave simulators than in control 
aquaria (Fig. 4, top). There was no overall size preference, indicating 
snails ate as many small as large oysters. Nor was there an interaction 
of treatment condition with prey size, indicating wave action did not 
alter prey size selection (Table 1). Electivity indices also indicated 
little size preference within either treatment. As might be expected, 
snails also ate 50% less tissue in wave simulators than in control 
aquaria (Fig. 4, bottom), although this was not significant at the 
p<0.05 level (Table 1). There was no significant difference in tissue 
mass consumed between small and large prey, nor was there a significant 
interaction between wave action and prey size selection. Finally, 
ingestion rate varied significantly among blocks, but feeding rate did 
not (Table 1). As expected, plaster casts in the wave aquaria lost 
83.7% (±3.7 S.E.) in mass, significantly more than those in the control 
aquaria (41.6% +1.4, ANOVA on data after arcsin square root 
transformation, p<0.01).
Neither handling times nor profits differed between wave 
simulators and control aquaria for snails preying on either large or 
small oysters (t-test, p>0.17 in each case). When data were pooled over 
both treatments, handling times, however, did differ significantly 
between small and large oysters (t-test on loge-transformed data because 
of variance to mean correlation, p-0.03). On average, snails took about 
11.5 (+3.0 S.E.) h to drill and ingest small oysters versus 19.9 (+3.5) 
h for large ones. However, the difference in per capita profit between
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small and large prey (0.05 g dry tissue/h +0.01 versus 0.06 +0.01, 
respectively) was not significant (t-test, p=0.31).
Field experiments
Unlike the laboratory experiments, snails ate significantly more 
oysters at the exposed than at the protected sites (Table 2, Fig. 5, 
top). There was also a significant effect of prey size because snails 
ate more small than large oysters. In addition, snails selected more 
small than large oysters only at exposed sites (Fig. 5, top), causing a 
significant exposure-by-size interaction. Tissue consumption, however, 
did not differ with wave action nor between prey size categories (Table 
2, Fig. 5, bottom). There was a significant oyster size-by-treatment 
interaction because more tissue from large oysters was eaten at 
protected sites (Fig. 5, bottom); the same number of each size of oyster 
were eaten (Fig. 5, top). Ingestion rates varied significantly among 
blocks, while feeding rates did not (Table 2). Plaster casts lost 
significantly more mass at exposed than at protected sites (ANOVA, 
p<0.001). On average, 79.3% (+3.1 S.E.) was lost at exposed sites 
compared to 20.6% (±1.9) at protected sites.
The number of oysters and g tissue eaten differed between sites 
within exposure categories (Table 2). Both ingestion and feeding rates 
were less variable between exposed sites than between sheltered sites 
(Table 3). Mass loss by plaster casts also differed between sites 
within exposure categories (ANOVA, p<0.001). This was apparently due to 
differences in currents at the protected sites and differences in wave 
action at the exposed sites; the Lab site (average of 24% mass loss +
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3.0 S.E.) was more directly exposed to tidal currents than the Canal 
site (16.5% mass loss ±1.5) which was near a rock erosion dam and the 
Caminada Pass site (88% mass loss ±3.3) was more exposed to the open 
Gulf than the Belle Pass site (71.5% mass loss ±3.6).
When the total number of oysters eaten were pooled over all five 
experiments, size-specific electivity indices (£j_) also suggested that 
snails at exposed sites chose smaller oysters (e.g., note negative 
values for larger prey, Fig. 6, top) while those at protected sites were 
not size-selective (Fig. 6, bottom). Further, G-tests indicated that 
small prey were consumed more frequently than expected at exposed sites, 
but not at protected sites (Fig. 6). A G-test of independence comparing 
size selection between exposed and protected sites also indicated prey 
size selection was dependent on site (p<0.005).
Prev and predator size and abundance
At an exposed site (Belle Pass), barnacles (t-test, p=0.004) and 
oysters (t-test, p=0.00002) were both more abundant than at a protected 
site (Canal site) (Table 4). Oysters (t-test, p « 0 . 00001) and to a 
lesser extent barnacles (t-test, p*=0.055) were larger at the Canal site. 
Although larger prey provide more tissue, it is unlikely that their 
larger size would compensate for the lower density of prey at the 
protected site, suggesting that snail food is at least equally abundant 
at the exposed site as at the protected site even though the prey may be 
smaller. Snails, however, were larger at the protected site (ANOVA, 
p<0.0001) and this did not appear to be due merely to a dominance of 
extremely small, recently recruited snails at the exposed site (Fig. 7).
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Mean size of the snails at each site changed with time as well (ANOVA,
p<0.001).
Discussion
In laboratory experiments with constant temperature and salinity, 
feeding rates of Stramonita. and to some extent ingestion rate, was 
lowered by wave action. This is similar to results from field studies 
along exposed New England coastlines using other predator and prey 
species (Menge 1983). On the other hand, in field experiments, wave 
exposure did not affect ingestion rate (g tissue eaten/time) and, 
surprisingly, increased feeding rate (number of oysters eaten/time), 
unlike Nucella lapillus (Linne) which reduced feeding on Mvtilus edulis 
Linne under exposure to waves (Menge 1983). This may be because wave 
force along the northern Gulf of Mexico is not as great as that along 
the New England coastline of the United States. For example, when seas 
were relatively calm, there was no reduction of ingestion rates along 
the New England coast (Menge 1978b), and along relatively low energy 
tropical coastlines, wave action did not lower predation intensity 
(Menge and Lubchenco 1981).
Feeding in the laboratory may have been reduced because exposure 
conditions in the wave simulators were more severe than those in the 
field. Laboratory wave simulators did not provide shelter from wave 
action and snails were constrained to direct exposure to continuous wave 
splash for the entire experimental trial (48 h). In the field, cages 
may have offered some protection and fluctuating tides may have provided 
periods of weak wave action. The laboratory results support other 
studies in that severe wave shock may limit foraging (J. L. Menge 1974, 
Menge 1978a), but the field study suggests that moderate wave action may 
even enhance feeding rates on small prey. The electivity indices also
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indicate that snails switch to smaller oysters under increased wave 
action in the field. Average feeding rates on small oysters were higher 
as well in laboratory wave simulators, although they were not measurably 
different at p<0.05.
Interestingly, profit (tissue/handling time) did not differ with 
prey size in the laboratory experiments. Garton (1986) found that scope 
for growth (absorbed energy available for growth and reproduction) of 
Stramonita did not differ when feeding on small or large oysters. 
Apparently, Stramonita can switch to smaller prey without an associated 
cost and may thereby minimize handling time and possibly lessen the time 
spent outside shelter. This strategy may reduce the chance of 
dislodgement by waves without compromising energy return and may also 
allow for attacks on additional prey if conditions are favorable (Menge 
1978b).
However, under more severe disturbance (e.g., continuous wave 
action in the laboratory experiments), the response for Stramonita (and 
other snails, e.g., J. L. Menge 1974, Menge 1978a, Fairweather et al. 
1988, Burrows and Hughes 1989) may be to restrict overall activity. In 
addition, if profit decreases with switching to smaller prey, the best 
behavior may also be to limit foraging activity. For example, large N. 
lapillus experience steeply reduced profits on smaller mussels (Hughes 
and Dunkin 1984). It may be more beneficial for these snails to consume 
fewer prey when exposed to waves (thereby reducing exposure time) than 
to choose smaller, less profitable prey.
Similar ingestion rates of Stramonita at exposed and sheltered 
sites suggest that reduced tissue consumption does not account for
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smaller average snail size. Also, food is at least as abundant at 
exposed sites and snail densities are similar, suggesting these factors 
do not limit predator size. Perhaps increased metabolic demands in 
wave-swept areas decrease the amount of energy available for growth, 
thereby limiting snail size. Other possible explanations for reduced 
predator size include size-specific mortality at wave swept sites (Menge 
1978a, Denny et al. 1985). Size-selective mortality, however, did not 
differ with wave intensity in populations of Nucella (̂ Thais') emarginata 
(Deshayes) along the California coast (Brown and Quinn 1988). Size- 
selective predation at protected sites may also remove smaller snails or 
differential recruitment may be responsible for size differences 
(Roughgarden et al. 1988). For example, the protected site may have had 
poorer recruitment the year before sampling began, skewing the 
population towards larger individuals. Finally, natural selection may 
somehow favor smaller snail size at exposed sites.
Feeding rates also varied considerably between sites within 
exposure categories, similar to the site-to-site variation seen by Menge 
(1978a,b). However, since our sites had similar canopy cover and 
desiccation stress, other factors must be important. Although plaster 
dissolution also differed significantly between sites, these mass loss 
differences were probably due to variation in tidal currents between the 
protected sites and wave exposure at the exposed sites. Gulf inshore 
tidal currents are relatively weak (Britton and Morton 1989), however, 
and their effects, if any, were probably minimal. Differences in wave 
action between the exposed sites may have affected snail feeding, but 
plaster cast dissolution was similar between the two sites (88% mass
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loss vs 71.5%). This suggests that wave action did not differ 
considerably between the two sites.
Temperature, salinity and dissolved oxygen vary considerably among 
sites, both seasonally and diurnally, along the Louisiana coast (Hewatt 
1951, 1953, W.B. Stickle, Louisiana State University, unpublished data). 
For example, temperature of water coming out of the marsh can change by 
as much as 12°C in an eight h period at the Lab site. Feeding by 
Stramonita is altered by temperature and salinity conditions (Garton and 
Stickle 1980, Stickle 1985), with temperature having the greatest effect 
(Stickle 1985). These "disturbance" factors (sensu Menge and Sutherland 
1987) may be more important than desiccation along the Gulf coast in 
terms of explaining site-to-site variability in predator efficiency.
In a more general context, this study suggests that the trade-off 
between mortality risk from disturbance and foraging activity may depend 
on the relationship between prey size and profit as well as the 
magnitude of the disturbance. If disturbance is severe or prey profit 
declines sharply with size, the optimal strategy may be to limit 
foraging activity and remain in shelter. However, when disturbance is 
moderate and/or prey profit does not differ with size, the optimal 
behavior may be to reduce exposure time by feeding on smaller prey and 
include additional prey if conditions permit. As a result, the impact 
intertidal predators have on prey communities may depend both on the 
magnitude of disturbances and the relationship between prey size and 
profit.
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Table 1. ANOVA table for the laboratory feeding experiments (design 
explained in text) with Stramonita haemastoma feeding on two size 
classes of Crassostrea virpinica in wave simulators and control aquaria 
(Exposure).
Source d.f.
No. ovsters eaten e tissue eaten
MS F MS F
Block 2 0.99 3.66ns 0.70 4.38a
Exposure 1 1.36 5.04a 0.60 3.75ns
Mainplot
Error 14 0.27 0.16
Size 1 0.01 0.02ns 0.61 2.26ns
Exposure
x Size 1 0.54 1.15ns 0.82 3.04ns
Subplot
Error 16 0.47 0.27
ns - not significant, p>0.05; 8 - p<0.05.
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Table 2. ANOVA table for the field feeding experiments (design 
explained in text) with Stramonita haemastoma feeding on two size 
classes of Crassostrea virginica in wave exposed and protected sites 
(treatments) at several locations.
No. ovsters eaten g tissue eaten
Source d.f. MS F MS F
Block 4 1.49 2.52ns 1.24 2.92a
Exposure
Site
1 2.42 4.17a 0.19 0.44ns
(Exposure)
Mainplot
2 4.92 8.44b 1.65 3.89a
Error 32 0.58 0.42
Size
Exposure
1 15.40 19.25c 0.75 1.47ns
x Size 
Subplot
1 18.15 22.68c 8.81 17.18c
Error 16 0.80 0.51
ns — not significant, p>0.05; 8 - p<0.05; b - p<0.01; c - p<0.001.
29
Table 3. Mean (+ S.E.) number of oysters (Crassostrea virginica') and 
tissue mass consumed by Stramonita at each site during the field 
experiments.
Exnosed sites Protected sites
Belle Caminada Canal Lab
Pass Pass
g tissue 0.821 0.745 0.595 1.164
eaten (0.239) (0.120) (0.190) (0.201)
Number 1.6 1.3 0.6 1.5
eaten (0.4) (0.2) (0.1) (0.2)
30
OTable 4. Mean density/m (+S.E.) and mean diameter (three species of 
barnacles combined, mm ± S.E.) or length ( oysters, mm +S.E.) for two 
common prey of Stramonita haemastoma. Data are for one exposed (Belle
Pass) and one protected site (Canal site) on 7 March 1989.
Prey Site No./m^ (N) Size/ind (N)
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Temporal changes in densities of Stramonita haemastoma at a 
wave exposed site (Belle Pass) and a protected site (Canal 
site). Data are means + S.E. (N-=50) .
The wave simulator. (A) 38 L aquarium, (B) 3.8 L pail, and 
(C) submersible pump. Animals were kept under continuous 
wave action by the mesh partition (D). The aquarium was 
elevated 5 cm (E) to submerge the pump.
Weather data for Port Fourchon (at P.H.I. Heliport, 0.5 km 
from lab site) from 20 June to 11 August 1988 including wind 
speed with arrows indicating direction (Panel A) , air 
temperature in °C (B), and % cloud cover (C). Data are 
daily means of three observations + S.E. Only data 
collected two days prior and during the experiments are 
presented. The time periods in which wave experiments were 
conducted are indicated with blackened bars.
Numbers (top) and g dry mass of tissue consumed by 
Stramonita haemastoma feeding on small (< 50 g total wet 
mass) and large (> 50 g) oysters during laboratory wave 






Numbers (top) and g dry mass tissue consumed by Stramonita 
haemastoma feeding on small (< 50 g total wet mass) and 
large (> 50 g) oysters in cages anchored at wave exposed and 
protected sites. Data are means + S.E. (N=20).
Electivity indices (e^) at exposed and protected sites for 
each size class (i) of oyster. Probabilities are from G- 
tests of the null hypothesis that the size distribution of 
oysters eaten did not differ from that offered. Prey size 
classes are in g total initial wet mass.
Size-frequency distributions for Stramonita haemastoma at an 
exposed site (Belle Pass, hatched) and a protected site 
(Canal site, solid) at five dates. Mean shell size (+ S.E.) 
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Chapter Two




Because avoidance of predators may affect a prey's foraging 
success and resultant fitness, I examined how a predator (the stone 
crab, Menippe adina), altered feeding and growth rates of rock snails 
(Stramonita haemastoma). In small-scale laboratory experiments, feeding 
rates of snails were reduced by chemical or acoustical cues from stone 
crabs. However, small snails were not differentially affected, even 
though they were more susceptible to predation. In large-scale 
laboratory experiments with free-ranging crabs, snail feeding and growth 
were again reduced because snails spent more time in refuges. Although 
small snails fed as often as large snails when exposed to crabs, they 
did spend more time in refuges. Small individuals may thus spend as 
much time feeding as do large snails in order to rapidly reach a size 
refuge from predation. Feeding by snails was reduced in field 
experiments only in enclosure cages in which crabs had direct access to 
snails. There was no measurable effect either in adjacent exclosure 
cages receiving chemical or auditory cues, or when crabs were tethered 
near the cage. Thus, reduced feeding in the field may occur only when 
predator abundances are high enough to cause frequent direct contact. 
Predator avoidance by intermediate predators may alter how intermediate 




Predation is a major force structuring rocky intertidal 
communities (e.g. Paine 1966, Connell 1970, Menge 1976). Investigations 
have typically emphasized the regulatory effects of primary carnivores 
on sessile prey populations and how feeding behavior and activity 
patterns are influenced by exposure to waves and factors that cause 
physiological stress (Menge 1978a,b, Moran 1985, Fairweather 1988a,b, 
Burrows and Hughes 1989). Avoidance of secondary carnivores, however, 
may also affect feeding of primary carnivores. Avoidance behaviors 
benefit prey by reducing encounter rates with predators, but may cause 
primary carnivores to face a trade-off between predation risk and 
reduced time and energy available for feeding, growth, and reproduction 
(Dill 1987, Sih 1987). Previous studies have not examined whether 
intertidal predatory snails are affected by trade-offs between predator 
avoidance and other activities, such as feeding.
Avoidance behaviors reduce foraging activity in a number of 
aquatic species such as crayfish, insects, and fish (e.g. Stein and 
Magnuson 1976, Sih 1982, Dill and Fraser 1984, Fraser and Gilliam 1987, 
Dixon and Baker 1988, Pierce 1988). Avoidance behavior can also result 
in reduced growth or development (e.g. Stein and Magnuson 1976, Werner 
et al. 1983, Dixon and Baker 1988, Holomuzki and Short 1988). Although 
avoidance and escape behaviors have been documented in marine gastropods 
(e.g. Bullock 1953, Feder 1963, Phillips 1977), their effects on feeding 
and growth remain largely unstudied. For example, predator avoidance 
effects diel activity patterns and spatial refuge use (Bertness et al. 
1981, Vdughn and Fisher 1988) and may thus indirectly affect feeding and
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growth (Appleton and Palmer 1988).
Avoidance responses can also differ among prey categories. More 
susceptible prey should show stronger antipredator responses and suffer 
greater reductions in foraging activity and growth (Sih 1987). Indeed, 
small, vulnerable age classes or larger, more preferred prey sizes do 
respond more dramatically to aquatic predators by remaining in refuge 
longer or reducing activity (Stein and Magnuson 1976, Sih 1982, Dixon 
and Baker 1988). Similarly, small, thin-shelled, or less-armored marine 
snails restrict foraging activity to low tide (when not exposed to 
predators) unlike less vulnerable species (Bertness et al. 1981).
Few studies, however, have quantified changes in feeding rate and 
growth due to trade-offs between predation risk and foraging activity 
(Sih 1987, Holomuzki and Short 1988, Caro 1989). Measuring such 
indirect costs of antipredator behavior in both the field and laboratory 
is necessary to better understand predator-prey interactions (Caro 
1989). Furthermore, understanding behavioral responses of primary 
carnivores and their concomitant indirect effects may help develop more 
accurate models for population and community ecology (Dill 1987).
In this study, I examined the effects of predator avoidance 
behavior on feeding and growth in the predatory rock snail, Stramonita 
(- Thais') haemastoma (Kool 1987) and its predator, the stone crab, 
Menippe adina (Williams and Felder 1986). I conducted laboratory 
experiments to determine if: (1) smaller snails were more susceptible to 
predation by stone crabs, (2) feeding rates of snails were altered by 
either chemical cues or direct contact by stone crabs, (3) small and 
large snails were affected differently, and (4) snail growth was
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affected by crabs. Because stone crabs are abundant along the northern 
coast of the Gulf of Mexico (Wilber and Herrnkind 1986, Wilber 1989), 
snails may be constantly exposed to predator scent. I was therefore 
interested in whether predator effects could be reliably detected in the 
field, and conducted predator inclusion and exclusion, and crab 
tethering experiments.
Methods
Description of species and research area
The northern Gulf of Mexico is a relatively protected shoreline 
with a small tidal range (< 0.7 m, Britton and Morton 1989) in 
comparison to the eastern or western coasts of the United States. Most 
hard substrata are man-made, < 80-100 yrs old, and have relatively 
simple littoral zone communities consisting of a few algae species, 
oysters, and three barnacle species (Britton and Morton 1989). The 
predominant benthic intertidal predators in the community are Gulf stone 
crabs, and rock shells.
Rock shells, hereafter referred to as Stramonita. prey on oysters, 
(Crassostrea virginica Gmelin and Ostrea eauestris Say), barnacles 
(Balanus eburneus Gould, B. amphitrite Darwin, and Chthamalus fragilis 
Darwin), and the mussel, Ischadium recurvum (Rafinesque) (Brown and 
Richardson 1987, Melancon et al. 1987, Britton and Morton 1989) along 
the Gulf coast. Stramonita are found over most of the northern and 
eastern Gulf coast, are restricted to hard substrata, and can attain 
densities up to 20/nr- (Britton and Morton 1989, Richardson and Brown, 
submitted).
Menippe adina, hereafter referred to as stone crab, was recently 
recognized as distinct from the Atlantic stone crab, Menippe mercenaria 
(Williams and Felder 1986). It is common in the intertidal zone of the 
northern Gulf and prefers muddy substrata (Wilber and Herrnkind 1986), 
but is also common around rock jetties and bulkheads (T. Richardson, 
personal observation). Males and subadults are common inshore during 
the summer, while females predominate in the fall. Adult densities in
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Florida can reach 1/nr (Wilber 1989). Stone crabs feed primarily on 
oysters, Stramonita. and other shellfish (Wilber and Herrnkind 1986, K. 
Brown, unpublished data).
All snails and crabs used in laboratory and field experiments were 
collected near the Louisiana Universities Marine Consortium (LUMCON) 
laboratory at Port Fourchon (29°10'N; 90°05'W), Louisiana, USA. For 
laboratory experiments, snails and crabs were acclimated to laboratory 
conditions for at least seven d before use, and were fed oysters or 
snails ad libitum. All laboratory experiments were conducted at 22- 
23°C, 25°/oo S (artificial seawater), and 12L:12D. Snails and crabs 
were used immediately after collection in the field experiments.
Laboratory experiments
Prey susceptibility.- - Thirty-nine adult stone crabs were each 
presented with six undamaged snails of three sizes (<30, 31-50, and >50 
mm shell length) in 38 L aquaria with undergravel filters. Crabs were 
starved for three days to assure similar hunger levels (Lawton and 
Hughes 1985) before use in experiments. After 24 h, crabs were removed 
and snails were recorded as undamaged, shell chipped but snail alive, or 
shell crushed and/or snail consumed. Because Stramonita shows a strong 
avoidance behavior towards stone crabs (i.e., snails will climb above 
the reach of the crab), snails were first immobilized by immersion for 
15 min in 42.5°C tap water (Lawton and Hughes 1985). Rock snails are 
eurythermal and euryhaline (Stickle 1985), and immobilization resulted 
in no mortality but caused snails to withdraw behind their operculum for 
1-2 h. The rationale for immobilization was to keep all snail sizes 
available to the crab and thus determine, based on shell strength, which
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size class was most preferred by the stone crabs.
The size distribution of snails eaten was compared to the 
distribution of snails offered using a Kolmogorov-Smirnov goodness of 
fit test. The data were also examined using size-specific electivity 
indices (£j_) based on â  (Chesson 1983), where jL - snail size class (mm 
increments in this case). The index varies between -1.0 (100% 
avoidance) and 1.0 (100% preference).
Small-scale experiment.-- To determine whether sensory cues alone 
(chemical scents from prey or crab, or acoustical cues from shell 
cracking, i.e., no direct contact with crabs) would lower feeding rates 
(number of oysters eaten) and ingestion rates (g dry mass of tissue 
eaten) of snails, small-scale experiments were conducted in the 
laboratory. I also wanted to determine if small (<35 mm shell length) 
and large (>35 mm) snails would react differently to non-tactile cues.
Two 38 L aquaria with undergravel filters had five large snails 
and two had five small snails placed on one side of an opaque, flow­
through partition along with 12 weighed oysters as prey. Stone crabs, 
along with immobilized snails, were placed on the opposite side in two 
aquaria, while only immobilized snails were present in two control 
aquaria. A preliminary experiment indicated no difference in feeding 
rates of snails in tanks with crabs only versus those with crabs and 
immobilized snails, and immobilized snails were therefore provided as 
food for crabs.
The experiment was repeated four times with each trial lasting 72 
h, and was analyzed as a randomized block design with a factorial 
treatment arrangement (two size classes of snails and presence versus
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absence of crabs). Dependent variables were the number of oysters or g 
dry tissue eaten per aquarium. Mass of dry tissue eaten was estimated 
from the wet mass of whole, live oysters (R^-*0.84, p-0.0001, N«=50) , and 
corrected for any tissue remaining. Data from this experiment, as well 
as others (except where noted), was analyzed using SAS (1985) procedure 
GLM.
Large-scale experiment.-- A second laboratory experiment examined 
the effect of free-ranging predators (i.e., prey and crab scent, 
acoustical cues, and tactile stimuli) on feeding and ingestion rates of 
snails on a larger spatial scale. The amount of time large and small 
snails spent in refuge (i.e., high on tank walls) and their number of 
feeding episodes were also determined.
The experiment was conducted in water tables (200 cm x 100 cm x 30 
cm) filled with approximately 400 L of artificial seawater that was 
recirculated through a biological filter. A group of 10 large and 10 
small snails, along with 40 weighed and numbered oyster prey, was 
randomly assigned to each of four water tables. Two tables had one 
stone crab (>80 mm carapace width), and two tables with no crabs served 
as controls. Clay flower pots served as crab shelters and were also 
added to control tables for consistency. The experiment lasted seven d 
and was repeated four times. The snails from each of the four water 
tables were rotated according to a latin square design balanced for 
residual effects (Petersen 1985). This design allowed us to account for 
carry-over effects of the treatments (i.e., if snails exposed to crabs 
in the previous trial were affected differently, compared to those just 
coming out of controls, in the following treatment). Dependent
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variables were numbers of oysters and g dry tissue eaten. Snails killed 
by crabs and oysters eaten by snails or crabs were replaced as detected. 
Water was changed and new crabs added for each trial.
Each snail's position was recorded every four h. Because the only 
refuge was on the upper half of tank walls, snails in any other area of 
the water table were considered exposed to the crab. To determine if 
avoidance behavior was size-specific, the number of times each snail 
size category was observed in refuge was analyzed using a chi-square 
contingency test (procedure CATMOD, SAS 1985). To see if feeding 
suppression was size-specific, the total number of feeding observations 
of each size class of snail in the presence or absence of crabs was 
analyzed using a 2 x 2 G-test of independence.
Growth experiment.- - A second experiment, similar in design to the 
large scale experiment, examined the effects of crab predators on snail 
growth. Twenty snails per table were initially numbered, weighed to the 
nearest mg (after forcing excess water from the mantle cavity and towel 
drying), and the outer lip of the aperture marked with an indelible pen. 
Dead oysters were replaced every two or three d. After 40 d, snails 
were reweighed and growth of new shell lip determined. Changes in 
individual snail wet mass and shell growth were analyzed by ANCOVA using 
initial wet mass and initial shell length, respectively, as covariates, 
and crab presence or absence as treatments. Snails within tables were 
considered subsamples.
Field experiments 
Crab enclosure experiment.-- To determine if predator effects on 
snail feeding could be detected in the field, and if so, whether feeding
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rates changed with distance from predators, crab enclosure/exclosure 
experiments were performed. The experiment was conducted at Belle Pass 
jetty near the LUMCON laboratory at Port Fourchon. For a detailed 
description of this site, see Brown and Richardson (1987). Cages were 
plastic trays (Allibert Products, Montreal, Quebec, 61 cm length x 52 cm 
width x 10 cm depth) lined and covered with 4.5 mm plastic mesh and 
served to enclose snails and oysters and exclude crabs. Crab enclosure 
cages, which had a heavier, 17.5 mm plastic mesh to prevent crab escape, 
included crabs, snails, and oysters. Cages were anchored by wooden 
stakes to the substratum and were always covered with at least two cm of 
water.
Ten oysters (C. virginica) were glued to cage bottoms with 
silicone adhesive so they would mimic sessile, natural oysters, and six 
snails (>30 mm shell length) were enclosed in each cage. A total of ten 
cages were used, eight containing snails and oysters, excluding crabs, 
and two serving as crab enclosures, containing crabs, snails, and 
oysters. The four crab exclosure cages were placed at 0 (adjacent), 3, 
6, and 12 m from the crab enclosure cage. A replicate of the experiment 
was set up approximately 100 m away. The experiment was repeated six 
times with each trial lasting three d. The design was thus a randomized 
block with treatment (distance from crab) replication (two sites). The 
dependent variables were numbers and g dry tissue mass of oyster eaten. 
Dry tissue mass of oyster consumed was estimated from wet, tissue-free, 
valve mass (R^-0.87, p=0.0001, N-50), of a sample of oysters collected 
at the same time and was again corrected for any remaining tissue per 
prey. Crab or snail predation could easily be separated because crabs
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crush oyster shells while snail predation leaves gaping valves. One 
cage without snails or crabs was set out, starting with the third trial, 
at each site, to monitor natural oyster mortality. Because all these 
oysters survived, all mortality in experimental cages was considered due 
to predation.
Crab tethering experiment.-- A second field experiment was set up 
to also test for predator effects on snail feeding rates. This 
experiment differed from the crab enclosure experiment in that only two 
distances were used along with a tethered crab that did not have direct 
access to any of the snails. The experiment was set up parallel to and 
15 m from the enclosure experiment and ran concurrently for the same 
amount of time.
Stone crabs were tethered with stainless steel leader (18 kg test) 
that attached around the coxa of one cheliped, crossed over the 
cephalothorax just anterior to the abdomen, and attached at the coxa of 
the opposite cheliped. A i m  leader attached the harness to a double 
strand of 14 kg test monofilament line, suspended horizontally between 
two poles. Snail enclosures were placed between the poles and 12 m 
away.
Crab abundances.-- Relative crab abundances at the experimental 
site were estimated using commercial crab traps baited with 
approximately 500 g of fish. Eight traps, one each at the "0 m" and 
"12 m" positions of the enclosure and tether experiments, were set out 
at 1600 h and retrieved at 0800 h the next day. Traps were set out on 
two separate occasions after the last field experiments to prevent 
alteration of crab abundances at the site.
Results 
Laboratory experiments
Prev susceptibility.-- Crabs ate significantly more small snails 
than expected based on chance alone (Kolmogorov-Smirnov goodness of fit 
test, p«0.01). Electivity indices also indicated that stone crabs 
selected small, immobilized snails over larger ones (note negative 
values for larger size classes, Fig. 1). In addition, the mean shell 
length of immobilized snails killed and eaten by crabs (33.4 mm + 0.8 
S.E.) was significantly (ANOVA, p=0.0001) smaller than damaged (43.3 + 
1.2) or undamaged (47.5 + 1.1) snail shells. Furthermore, in the large 
scale experiment, where snails were provided with a refuge and not 
immobilized, the mean size of snails killed and eaten by stone crabs was 
29.1 mm (+ 3.1 S.E.) compared with an overall experiment mean of 43.8 mm 
(±1.7).
Small-scale experiment.-- The presence of stone crabs 
significantly reduced snail feeding (ANOVA, p=0.0039) and ingestion 
(ANOVA, p-=0.0034, Fig. 2). Small snails ate 71% fewer oysters and 65% 
less tissue in the presence of crabs (Fig. 2), and large snails ate 
approximately 50% fewer oysters and tissue. In addition, casual 
observation indicated snails spent more time high on aquaria walls in 
crab tanks. Overall, large snails ate more oysters, and therefore 
consumed more tissue (ANOVA, p-0.0001), than did small snails. Although 
small snails may have been at greater risk of being eaten by stone crabs 
(Fig. 1), their feeding was not suppressed more than that of large 
snails (interaction between snail size and crab presence, p>0.48).
Large-scale experiment.-- Stone crab presence also reduced snail
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feeding (ANOVA, p-0.0005) and ingestion (ANOVA, p«=0.0019) in the larger 
scale experiment with free-ranging crabs (Table 1). The number of 
oysters eaten and tissue consumption decreased by about 90% in the 
presence of crabs. Similar to the small scale experiment, snails in 
crab tanks spent significantly more time high on tank walls: snails 
spent 56% of the time in refuge in crab tanks compared to only 6% 
of the time in controls (chi-square test, p=0.00001). On the average, 
three snails (+ 0.6 S.E.) were killed by crabs in each of the four time 
periods. Although small and large snails again did not differ in 
feeding rate, small snails did spend a greater proportion of time in 
vertical refuge in crab tanks (56% > controls) than did large snails 
(46% > controls, chi-square test, p<0.0001). There was no significant 
effect of time, snail group, or residual carry-over on snail feeding or 
ingestion.
Growth experiment.- - Snail growth, measured as both increment in 
wet mass (ANCOVA, p=0.0068) and shell aperture lip curl (ANCOVA, 
p*=0.0029), was lowered significantly by the presence of crabs (Table 1). 
Average increase in wet mass of snails in crab tanks was only 18% of 
that in controls. Likewise, mean linear increase in the curl of shell 
lips of snails was only 21% of controls. Crabs killed 21% of the 
snails, whereas only 5% died of other causes.
Field experiments
Crab enclosure experiment.-- Predator presence significantly 
suppressed both feeding (ANOVA, p-0.0001) and ingestion (ANOVA, 
p-0.0003) by snails, but only for snails enclosed with stone crabs 
(Duncan-Waller a posteriori test, p<0.05, Fig. 3). Both feeding and
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ingestion increased somewhat at intermediate distances from crab 
enclosures and then declined (Fig. 3). Neither feeding nor ingestion 
differed with time.
Crab tethering experiment.-- Feeding and ingestion by snails were, 
again, not affected by predator proximity in this experiment with a 
tethered stone crab (Table 2), even for snails caged directly beneath 
the crab. This result is similar to the results of the crab enclosure 
experiment, where snails in crab exclosures appeared unaffected by crab 
proximity. There was no effect of time on either feeding or ingestion 
in the tethering experiment.
Crab abundances.- - A total of 35 stone crabs were trapped at the 
research area following the experiments. On average, 2.2 (±0.7) stone 
crabs were captured per trap each night or 0.14 stone crabs/trap/h (+ 
0.04).
Discussion
Animals are often faced with the trade-off between foraging or 
avoidance of predators (Sih 1987 and included references), and 
Stramonita is no exception. Stramonita deals with this trade-off by 
remaining in refuges in the presence of predators, reducing mortality 
but also feeding and growth. Appleton and Palmer (1988) measured 
reduced feeding and growth in Nucella lamellosa (Gmelin) reared in 
effluent from tanks containing predatory crabs. This observation may 
also have been due to predator avoidance behavior. Reduced growth and 
feeding in the presence of predators have been reported in laboratory 
studies of fish and aquatic insects (e.g., Sih 1982, Dill and Fraser 
1984, Fraser and Gilliam 1987, Dixon and Baker 1988, Pierce 1988). 
Stramonita feeding rates were reduced in both small-scale laboratory 
experiments with chemical and auditory cues and large-scale experiments 
with additional tactile cues from free-ranging predators. In both 
cases, snails spent more time in refuges (with no food available) and 
less time feeding.
Similarly, in field experiments, feeding rates of snails in crab 
enclosures were reduced far below those of snails in crab exclosures. 
Snails in crab exclosures, however, were not affected by crab proximity. 
Even snail feeding rates in exclusions adjoining crab enclosures, or 
those underneath tethered crabs, were similar to those more removed from 
the predators. Apparently, free-ranging crabs were fairly abundant at 
the study site, and ambient scents may have swamped chemical cues from 
distant caged or tethered crabs. Conversely, the field experiments were 
in an open system whereas the laboratory experiments were in closed
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systems. As a result, feeding in the field may not have been reduced 
except when crabs could make direct contact because local predator 
scents were rapidly diluted.
Avoidance and escape behaviors have been observed in the field for 
a variety of organisms (e.g., Stein and Magnuson 1976, Phillips 1977,
Sih 1982, Holomuzki and Short 1988) and many laboratory studies have 
shown reduced feeding in the presence of predators or predator scent 
(e.g., Sih 1982, Dixon and Baker 1988, Pierce 1988, this study). Few 
studies, however, have demonstrated reduced feeding in the field. The 
evidence presented here indicates that direct extrapolation of 
laboratory results to the field may not be accurate. The results of 
this study suggest, predator scent alone did not reduce feeding, and 
direct contact by predators was necessary to impair snail feeding. 
Chemical cues from predators may be overwhelmed by "background" odors or 
rapidly diluted, and feeding may remain unaffected unless predators are 
very near or physically contact prey.
Alternately, snails may respond to differences in risk, and 
curtail feeding only when predation risk is extremely high. Aquatic 
prey (e.g., crayfish, insects, and fish) can respond to differences in 
predation risk and may distinguishing between predators and similar 
nonpredators, between satiated and hungry predators, or even judge 
distance from predators (see references in Sih 1987). In small-scale 
laboratory experiments where only olfactory or auditory cues were 
present, Stramonita feeding was reduced on the average by 54%.
Conversely, in the large-scale laboratory experiment and field 
experiment where crabs had direct access to the snails, snail feeding
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was reduced by roughly 90%. Stramonita's ability to perceive 
differences between indirect (distant chemical or auditory cues) and 
direct threat (tactile stimuli or very close crabs) and react 
accordingly could be advantageous by allowing snails to devote more time
to feeding, avoiding predators only when risk is high.
These experimental results suggest that small snails are more
susceptible to predation by stone crabs. Feeding rates of more
vulnerable prey are typically depressed more than less susceptible prey 
(e.g., Stein and Magnuson 1976, Sih 1982, Werner et al. 1983, Dixon and 
Baker 1988, Pierce 1988). Although small snails in the large-scale 
laboratory experiment spent more time in refuge, they were observed 
feeding as often as were large snails. Small snails may thus devote 
more of their time to feeding when out of refuge and exposed to crabs 
than do large snails. This concentration on feeding by small snails 
when exposed to crabs may reflect a compensatory strategy to attain a 
refuge in size. Freshwater pulmonate snails indeed grow faster in the 
presence of crayfish predators and delay reproduction until reaching a 
size refuge (Crowl and Covich 1990), suggesting that when risk is size 
dependent, prey may take greater risks to reach size refuges rapidly.
The indirect effects associated with predator avoidance by primary 
carnivores may also have important consequences for community structure 
(Dill 1987, Sih 1987, Power 1987). For example, stream minnows avoid 
predators and concentrate in predator-free pools where they over graze 
algae (see references in Power 1987). Similarly, my data suggest that 
secondary predators, in addition to reducing primary carnivore density, 
may have significant indirect effects on intertidal community structure
by behaviorally suppressing feeding of lower carnivores. In the present 
study, direct contact by top predators is apparently prerequisite for 
the reduction of feeding rates of snails in the field. Such 
behaviorally mediated indirect effects, therefore, may only be important 
when secondary predators are very abundant. The impact these 
behavioral, "cascading" effects (Sih 1987) can have on lower trophic 
levels remains relatively unstudied, but my data suggest that they may 
be potentially important in at least this intertidal community.
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Table 1. Summary of feeding and growth results from the large-scale (seven d experiments) and growth
experiments (40 d). Data are means (+ S.E.) for Stramonita haemastoma feeding on oysters (40 
offered) in the presence or absence of the predatory stone crab, Menippe adina. N = number of 
observations.
Large Scale Experiment Growth Experiment
Stone No. of oysters g dry tissue Changes in wet Increase in
crab eaten eaten mass (g) shell lip (mm)
Present 0.8 (0.3) 0.796 (0.305) 0.483 (0.158) 2.5 (0.4)
N 8 8 20 21
Absent 8.1 (0.6) 7.056 (0.757) 2.674 (0.192) 12.0 (0.9)
N 8 8 38 40
O'
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Table 2. Mean (+S.E.) number of oysters (out of 10 offered) and g dry 
tissue mass eaten by Stramonita haemastoma caged beneath a 
tethered crab or 12 m away from the tether.
Distance from No. of oysters g dry tissue
tether eaten eaten
0 m 1.8 (0.4) 1.061
(0.244)






Size-specific electivity indices (€^, Chesson 1983) for the 
stone crab, Menippe adina. feeding on immobilized snails, 
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Wave exposure in laboratory experiments reduced Stramonita feeding 
rates, similar to other studies on the western Atlantic coast (e.g., 
Menge 1983). In the field, however, tissue consumption was not affected 
by waves and numbers of prey eaten actually increased. Size-specific 
electivity indices suggested this was because Stramonita ate more, but 
smaller prey at exposed sites. Disturbance by waves may have been 
greater in the laboratory because of continuous wave action, no refuge, 
or lack of tidal fluctuation. Therefore, these results support the 
theory that severe wave shock limits foraging (J. L. Menge 1974, Menge 
1978a), but also suggest that moderate wave action, such as that seen 
along the Gulf coast, may enhance feeding rates on small prey.
Because profit (tissue eaten/handling time) did not differ with 
oyster size in the laboratory, Stramonita can switch to smaller prey 
Without an associated cost. By switching to smaller prey when exposed 
to waves, Stramonita may minimize handling time, allowing for less time 
spent outside of shelter or for additional attacks on prey if conditions 
permit (Menge 1978b). However, under more severe wave exposure, with 
greater potential for dislodgement, the best strategy may be to restrict 
foraging activity to sheltered areas or favorable periods (J. L. Menge 
1974, Menge 1978a, b, 1983).
Stone crab presence reduced Stramonita feeding and growth in the 
laboratory by both direct (tactile stimuli possible) and indirect 
(chemical or auditory only) cues, similar to other studies (Sih 1982, 
Werner et al. 1983, Appleton and Palmer 1988, Dixon and Baker 1988). In 
addition, snails spent more time in refuge when predators were present.
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Thus, Stramonita deals with the trade-off between avoiding predators and 
foraging by devoting more time to refuge use at the expense of reduced 
feeding and growth.
Similarly, feeding by snails was reduced in crab enclosure cages 
in the field. However, snail feeding was not affected by proximity to 
crab enclosure cages or tethered crabs, possibly because ambient scents 
swamped chemical cues from these crabs. These experiments suggest that 
extrapolation from the laboratory to the field may not be accurate. In 
the field, direct contact appeared necessary to reduce snail feeding, 
and predator avoidance using chemical stimuli may thus be unimportant. 
Scent from approaching predators may be swamped by background odors and 
prey feeding may be impaired only when predators are very near or make 
physical contact.
More vulnerable prey should show stronger predator avoidance with 
greater reductions in foraging than less susceptible prey (Sih 1987). 
Small Stramonita were more susceptible to predation and spent more time 
in refuge than large snails. However, in the presence of crabs, small 
snails fed as frequently as did larger ones. Small Stramonita may 
therefore spend a greater proportion of their time feeding when out of 
refuge and exposed to crabs than do larger snails, possibly to reach a 
size refuge from crab predators.
In a more general context, this study suggests that trade-offs 
affecting intertidal predator foraging may have effects on the sessile 
prey community. For example, the trade-off between foraging and risk of 
dislodgement by waves, coupled with the relationship between prey size 
and profit, may constrain prey size selection, depending on whether wave
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disturbance is moderate or severe. This suggests that along shore lines 
having moderate wave exposure (e.g., the coast of the Gulf of Mexico), 
snails may have their greatest impact on prey populations in the more 
exposed areas. Bushek (1988) suggested that the pattern observed along 
the Texas coast of barnacles being more prevalent in areas with higher 
water motion and oysters most abundant in quiet areas may be due to 
differential settlement by barnacle and oyster larvae. This pattern of 
horizontal zonation could also be explained by predation and the 
evidence that Stramonita can switch to eat more, smaller prey with no 
apparent cost. Because snails eat more oysters at exposed sites, more 
space might be available for barnacle settlement and oyster adult- 
barnacle larvae interactions might also be lessened. In addition, 
because snails preferentially eat smaller oysters in exposed areas, 
fewer oysters would survive to adult size and this would reduce the 
potential for adult-adult interaction. Conversely, in protected areas 
where snails eat fewer oysters and with no apparent size preference, 
oysters would soon monopolize most of the available space, over-growing 
barnacles and the potential for adult oysters to negatively affect 
barnacle larvae would increase.
Conversely, snails on shore lines with severe wave exposure have 
their greatest impact in protected areas. Studies conducted along 
gradients in wave exposure indicate that predation intensity is 
negatively correlated with exposure (Menge 1976, 1978a, b). Such a 
pattern might be explained based on the relationship between prey size 
and profit. Nucella lapillus feeding on mussels experience steeply 
declining profits with decreasing prey size (Hughes and Dunkin 1984).
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As such, in moderately exposed areas it may be too costly for Nucella to 
eat smaller mussels than they normally would in sheltered habitats. As 
a result, fewer prey are eaten with increasing exposure because the 
waves limit the time available for snails to forage. Under severe wave 
exposure, snails, however, should reduce foraging activity and remain in 
shelter regardless of whether profit decreases or remains the same with 
decreasing prey size.
If top carnivores are very abundant, intermediate predators, like 
snails, may face a trade-off between feeding or predator avoidance. 
Changes in behavior as a result of dealing with this trade-off may 
potentially affect the prey population. For example, predator avoidance 
leads to more time spent in refuges from predators. This type of 
behavior could lead to sessile community "haloes" documented by others 
(Vance and Schmitt 1979, Fairweather 1988). On the southern coast of 
Australia, Fairweather (1988) found that sessile organism (especially 
the preferred prey of predatory whelks) increased in abundance and in 
percent coverage with distance from crevices, thus creating a halo 
effect around the crevices. He suggested this was because predatory 
snails were using the crevices primarily to reduce desiccation and that 
foraging intensity was highest near the crevices and decreased with 
increasing distance from the shelters. If secondary predators, however, 
are very abundant in such sites, whelks may spend more time in such 
shelters to avoid predation. This would lead to local depletion of 
sessile organisms, thus creating the halo of sessile prey. Vance and 
Schmitt (1979) observed such a pattern on the California coast. Sea 
urchins would spend most of their time in crevices to avoid predation
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from sheephead. As a result, local prey depletion was observed and 
haloes of sessile organisms were formed around the crevices. Where 
sheephead are less abundant, such haloes do not occur.
Trade-offs between foraging and mortality appear to place 
potentially important constraints on predator foraging. Few studies, 
however, have addressed the manner in which trade-offs alter predator 
foraging. Furthermore, how such trade-offs affect the impact predators 
may have on their prey community remains relatively unaddressed, 
especially in the rocky intertidal. While a paradigm exists for the 
structuring of the rocky intertidal sessile community, the 
characteristic patterns, however, are often not consistently observed 
(Roughgarden et al. 1988). A potential explanation might be site-to- 
site differences in factors that cause predators to make trade-offs or 
deal with constraints. Secondary predators, sessile prey, and stress 
factors like waves, variable salinity, temperature, and dissolved oxygen 
will differ somewhat from site to site. Future work regarding the role 
of predation in community structure should consider the constraints such 
factors place on foraging. How a predator's foraging behavior changes 
in the face of constraints and trade-offs promises to be a fruitful area 
for future research in predator-prey interactions and population and 
community ecology as well (Dill 1987, Caro 1989).
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